Nine furofuran compounds having a different type of oxidation were synthesized from one common intermediate in a short series of steps, and the antioxidant activity was evaluated. It was found that the tertiary hydroxy group on the furofuran ring affected the degree of antioxidant activity and that the structure, except for the phenolic part, was important for the antioxidant activity.
Furofuran lignans are widely biosynthesized in plants, and their biological activity, antioxidant activity, antitumor activity, phosphodiesterase inhibition activity, and the effect on the central nervous system are known. The relationship between the glucoside of a furofuran lignan and the phosphodiesterase inhibition activity has been shown; however, the relationship between the main structure and these clinical activities is unknown. 1) The relationship between the antioxidant activity and prevention of adult diseases has recently been discussed. 2) Research about the relationship between the main structure and antioxidant activity of phenolic compounds seems to be important. In the case of furofuran lignans, compounds which have different degrees of oxidation on the furofuran ring have been isolated from natural sources.
1) The effect of this oxidation degrees on the antioxidant activity is unknown, because the isolation or preparation of different types of furofuran lignans for testing the antioxidant activity has been difficult. In this paper, an efficient synthesis of racemic furofuran lignans 1-9 having different degrees of oxidation (Scheme 1) from one synthetic intermediate is described and the antioxidant activity to lipids is compared. The effect of only the phenolic portion of natural compounds on the antioxidant activity is already known. 3) In respect of the other part of such compounds, only the solubility to water has been discussed. 4) The relationship between the main structure and antioxidant activity of phenolic compounds has not previously been reported. This is the first report of the synthesis of many types of furofuran lignans from one synthetic intermediate and the effect of the furofuran structure on its antioxidant activity.
Many methods for synthesizing furofuran lignans have been reported. 5, 6) In this present study, a new synthetic pathway to produce nine compounds efficiently from one synthetic intermediate was developed. The synthetic strategy is shown in Scheme 1. The furofuran skeletons having different oxidative positions are converted from vinyltetrahydrofuran 10 through oxidative cleavage of the olefin, with subsequent -hydroxylation, Grignard reaction, oxidation, cyclization, and acetalization. Vinyltetrahydrofuran 10 could be transformed from aldol product 11, which could be obtained by aldol condensation between -vinyl--butyrolactone 7) and 4-benzyloxy-3-methoxybenzaldehyde. The application of this synthesis leads to an evaluation of the antioxidant activity of furofuran lignans.
Compound 5 (P1) 8) was isolated from sesame seeds as an antioxidant. Compound 7 is a position isomer of sesamolinol 9) which is also an antioxidant of sesame seeds. On the other hand, furofuran lignans having a tert-hydroxy group at the 1 position were isolated from other plants. 1) Research about the effect of this terthydroxy group on the antioxidant activity will contribute to the greater utilization of the natural resource.
Results and Discussion
The aldol condensation between -vinyl--butyrolactone 7) and 4-benzyloxy-3-methoxybenzaldehyde was performed by using lithium diisopropylamide to give aldol product 11 as a diasteromeric mixture of 3:7 in 77% yield (Scheme 2). Lithium aluminum hydride reduction (80% yield) followed by treatment with 10-camphorsulfonic acid gave vinyltetrahydrofuran derivative 12, which is a common synthetic intermediate to furofuran compounds 1-9, in 88% yield. The stereochemistry at the 2 position was determined by a differential NOE experiment between 2-H and methylene protons of the hydroxymethyl group. The important structure was obtained in short series of steps. After protection of the primary hydroxy group as a tertbutyldimethylsilyl ether by using tert-butyldimethylsilyl chloride and imidazole (97% yield), oxidative cleavage of the olefin by employing osmium-4-methylmorpholine N-oxide and NaIO 4 oxidation gave 14 in 96% yield. Stereoselective -hydroxylation was accomplished by triisopropylsilyl enol etherification, osmium oxidation, and application to silica gel, 10) giving unstablehydroxyaldehyde 15 in 48% yield.
Hemiacetal 16 was obtained from alkene 12 by osmium oxidation followed by NaIO 4 oxidation in 95% yield (Scheme 3). Hydrogenolysis of 16 by using Pd/C as a catalyst gave 1 in quantitative yield. Unstablehydroxyaldehyde 15 was converted to hydroxyhemiacetal 17 by desilylation with tetra-n-butylammonium fluoride in 65% yield. Hydrogenolysis of 17 gave 2 in 83% yield. Since oxidation of hemiacetals 16 and 17 to lactones 18 and 19 did not proceed, aldehydes 14 and 15 were transformed to furofuran lactones 18 and 19 by oxidation to carboxylic acid, followed by desilylation with a catalytic amount of p-toluenesulfonic acid in 50% and 53% yields, respectively. Hydrogenolysis of 18 and 19 respectively gave 3 and 4 in quantitative yields. Treatment of 14 with 3,4-methylenedioxyphenylmagnesium bromide followed by an aqueous HCl solution gave furofuran 20 in 67% yield. This fact means that acid treatment of the Grignard reaction product promoted the desilylation and SN1 cyclization to form the furofuran ring. To produce hydroxy furofuran 21, -hydroxy aldehyde 15 was treated with 3,4-methylenedioxyphenylmagnesium bromide. The resulting product was subjected to desilylation by treatment with tetra-n-butylammonium fluoride to give the corresponding triol in 68% yield (2 steps). SN1 cyclization of this triol was carried out by employing 10-camphorsulfonic acid, giving hydroxy furofuran 21 in 67% yield. Hydrogenolysis of 20 and 21 respectively gave 5 (P1) 8) and 6 in 71% and 82% yields. A short treatment (30 min) of hemiacetal 16 with pyridinium p-toluenesulfonate and sesamol in (a) (1) refluxing benzene 11) gave acetal 22 as the major product (41% yield) and recovered hemiacetal 16 (21%). A longer reaction time (2 h) led to the production of rearranged compound 12) 23 as the major product (38% yield) and recovered hemiacetal 16 (22%). Acetalization of hydroxyhemiacetal 17 by the same method for 2 h gave acetal 24 in 36% yield. Production of the rearranged compound was not observed, showing that the presence of a tertiary hydroxy group prevented the rearrangement. It has been said that a rearranged product like compound 23 can be produced during a manufacturing process. The rearranged product is an important strongly antioxidative component in sesame oil.
2) It can be assumed that the important strongly antioxidative component is not produced from the material containing a furofuran lignan bearing a tertiary hydroxy group during the manufacturing process. Hydrogenolysis of 22, 23, and 24 gave compounds 7, 8, and 9 in 83%, 91%, and 96% yields, respectively. Nine furofuran lignans with different degrees of oxidation were synthesized by employing the new pathway from one synthetic intermediate in a short series of steps. The application of this synthesis enabled us to examine the relationship between the structure and antioxidant activity. This synthetic study also demonstrated the stability of acetals 22 and 24 against acids. Acetal 24 bearing a tertiary hydroxy group did not give a strongly antioxidant component, a phenolic compound, like 23. This result is likely to contribute to the better utilization of the natural product.
The antioxidant activity of furofuran compounds 1-9 was examined in a tween 20 micelle system 13) for 3 h (Fig. 1) . Rearranged product 8 having 2 phenolic groups showed the strongest activity. The fact that the hydroxy group at the 2 position of the 2-hydroxy-4,5-methylenedioxyphenyl group was very important for a high level of antioxidant activity is shown by comparing 8 with 5. The activity of the other compounds was weaker than that of trolox and sesamol. However, the effect of the tertiary hydroxy group of the furofuran ring on the antioxidant activity was found. In the case of hemiacetals 1 and 2, the tertiary hydroxy group increased the activity a little. On the other hand, 4, 6, and 9 showed weaker activity than 3, 5, and 7, respectively. Thus, the presence of a tertiary hydroxy group in furofuran lactone 3, phenyl furofuran 5, and phenoxy furofuran 7 reduced the activity. In particular, a clear difference was observed between furofuran lactones 3 and 4, and between phenyl furofurans 5 and 6, respectively. These facts indicate that the tertiary hydroxy group in the furofuran ring affected the degree of radical inhibition. This is the first evidence for the effect of oxidation degree on the antioxidant activity. In the previous study, the effect of only the phenolic moiety of a natural phenolic product on the antioxidant activity was discribed.
3) The effect of the main structure of the phenolic compound on antioxidant activity is described for the first time in this paper.
Experimental
NMR data were measured by a JNM-EX400 spectrometer, IR spectra were determined with a Shimadzu FTIR-8100 spectrophotometer, FABMS data were measured with a JMS-MS700V spectrometer, and optical rotation values were evaluated with a HORIBA SEPA-200 instrument. The silica gel used was Wakogel C-300 (Wako, 200-300 mesh). The HPLC system used for the antioxidative assay consisted of a Jasco PU 980 solvent pump, a UV-950 detector and Rheodyne 7125 sample injector with a 20-l sample loop. Each peak area was calculated by a Shimadzu C-R6A Chromatopac integrator. (12) . To a solution of LDA (55.4 mmol) in THF (150 ml) was added a solution of -vinyl--butyrolactone (5.17 g, 46.1 mmol) in THF (25 ml) at À75 C. After 15 min at À75 C, a solution of 4-benzyloxy-3-methoxybenzaldehyde (11.2 g, 46.2 mmol) in THF (20 ml) was added, and then the reaction mixture was stirred at À75 C for 30 min. The reaction was quenched by addition of sat. aq. NH 4 Cl solution. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 1/3) gave a diastereomeric mixture of aldol product 11 (12.6 g, 35.6 mmol, 77%) as colorless crystals, mp 122-124 C (EtOAc/hexane = 1/1). Anal. Found: C, 71.19; H, 6.32%. Calcd. for C 21 H 22 O 5 : C, 71.17; H, 6.26%. To an ice-cooled suspension of LiAlH 4 (2.31 g, 60.9 mmol) in THF (10 ml) was added a solution of aldol product (15.4 g, 43.5 mmol) in THF (25 ml). The reaction mixture was stirred at room temperature for 30 min, and then sat. aq. MgSO 4 solution and K 2 CO 3 were added. The mixture was stirred for 30 min and filtered. The filtrate was concentrated. The residue was applied to silica gel column chromatography (EtOAc/hexane = 3/1) to give a diastereomeric mixture of corresponding triol (12.5 (13) . A reaction solution of alcohol 12 (8.84 g, 26.0 mmol), imidazole (4.42 g, 64.9 mmol), and tertbutyldimethylsilyl chloride (4.70 g, 31.2 mmol) in DMF (5 ml) was stirred at room temperature for 1 h before additions of sat. aq. NaHCO 3 solution and EtOAc. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (5% EtOAc in hexane) gave silyl ether 13 (11.5 
To an icecooled solution of aldehyde 14 (5.29 g, 11.6 mmol), DBU (5.79 ml, 38.7 mmol), and DMAP (0.65 g, 5.32 mmol) in CH 2 Cl 2 (50 ml) was added TIPSOTf (5.13 ml, 19.1 mmol). The reaction solution was stirred at room temperature for 2 h before addition of sat. aq. NaHCO 3 solution. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 1/14) gave silyl enol ether (6.46 g, 10.5 mmol, 91%) as a colorless oil. A reaction solution of silyl enol ether (6.46 g, 10.5 mmol), NMO (1.70 g, 14.5 mmol), and OsO 4 (2% H 2 O solution, 1 ml) in acetone (40 ml), tertBuOH (10 ml) and H 2 O (10 ml) was stirred at room temperature for 24 h before addition of sodium thiosulfate. After concentration, the residue was dissolved in H 2 O and EtOAc. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration gave the crude product. A reaction solution of the product and N,N-dimethylethylenediamine (1.53 ml, 13.9 mmol) in benzene (40 ml) was heated under reflux for 1 h. After concentration, the residue was applied to silica gel column chromatography (EtOAc/hexane = 1/3) to give unstable -hydroxy aldehyde 15 (2.38 g, 5 (20) . To an ice-cooled solution of 3,4-methylenedioxyphenylmagnesium bromide (14.8 mmol) in THF (20 ml) was added aldehyde 14 (1.93 g, 4.23 mmol) in THF (10 ml). The reaction mixture was stirred at room temperature for 1 h before addition of 6 M aq. HCl solution and EtOAc. The organic solution was separated, washed with sat. aq. NaHCO 3 solution and brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 1/4) gave furofuran compound 20 (1.26 g, 2.82 mmol, 67%) as colorless crystals, mp 99-100 C (MeOH). NMR H (CDCl 3 ): 3.05 (2H, m, 1-H, 5-H), 3.84-3.89 (2H, m, 4-H, 8-H), 3.89 (3H, s, OCH 3 ), 4.20-4.24 (2H, m, 4-H, 8-H 
To an ice-cooled solution of 3,4-methylenedioxyphenylmagnesium bromide (32.7 mmol) in THF (100 ml) was added a solution of -hydroxy aldehyde 15 (4.43 g, 9.37 mmol) in THF (40 ml). The reaction mixture was stirred at room temperature for 1 h before addition of sat. aq. NH 4 Cl solution. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration gave crude glycol. To an icecooled solution of the glycol in THF (25 ml) was added (n-Bu) 4 NF (10.3 ml, 1 M in THF, 10.3 mmol). The reaction solution was stirred at room temperature for 1 h before addition of sat. aq. NH 4 Cl solution. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 2/1) gave triol (3.06 g, 6.37 mmol, 68%) as colorless crystals, mp 
